
Registered Charity Number 207890

Accepted Manuscript

This is an Accepted Manuscript, which has been through the RSC Publishing peer 
review process and has been accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, which is prior 
to technical editing, formatting and proof reading. This free service from RSC 
Publishing allows authors to make their results available to the community, in 
citable form, before publication of the edited article. This Accepted Manuscript will 
be replaced by the edited and formatted Advance Article as soon as this is available.

To cite this manuscript please use its permanent Digital Object Identifier (DOI®), 
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or 
graphics contained in the manuscript submitted by the author(s) which may alter 
content, and that the standard Terms & Conditions and the ethical guidelines 
that apply to the journal are still applicable. In no event shall the RSC be held 
responsible for any errors or omissions in these Accepted Manuscript manuscripts or 
any consequences arising from the use of any information contained in them.

www.rsc.org/loc

Lab on a Chip
D

ow
nl

oa
de

d 
by

 C
he

ng
du

 L
ib

ra
ry

 o
f 

C
hi

ne
se

 A
ca

de
m

y 
of

 S
ci

en
ce

 o
n 

27
 D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
8 

D
ec

em
be

r 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2L

C
41

16
0A

View Article Online / Journal Homepage

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c2lc41160a
http://pubs.rsc.org/en/journals/journal/LC


 

A passive droplet sorting scheme based on intrinsic viscoelastic fluid properties to efficiently sort droplets in a high 

throughput fashion.  
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We present a study of passive hydrodynamic droplet sorting in microfluidic channels based on intrinsic 5 

viscoelastic fluid properties.  Sorting is achieved by tuning the droplets’ intrinsic viscous and viscoelastic 

properties relative to the continuous oil phase to achieve a positive or negative lateral migration toward 

high or low shear gradients in the channel.  In the presence of weakly viscoelastic fluid behavior, droplets 

with a viscosity ratio, κ, between 0.5-10 were found to migrate toward a high shear gradient near the 

channel walls.  For all other κ -values, or Newtonian fluids, droplets would migrate toward a low shear 10 

gradient at the channel centerline.  It was also found that for strongly viscoelastic fluids with low 

interfacial tension, droplets would migrate toward the edge even with κ-values lower than 0.5.  The 

resulting bi-directional lateral droplet migration between different droplets allows size-independent 

sorting.  Still, their sorting efficiencies are dependent on droplet size, intrinsic fluid elasticity, viscosity, 

droplet deformability, and overall fluid shear rates.  Based on these findings, we demonstrate >200 Hz 15 

passive droplet sorting frequencies and achieve >100 fold enrichment factors without the need to actively 

sense and/or control active mechanisms.  Using a low viscosity oil phase of 6.25 cPs, we demonstrate 

sorting discrimination of 1 cPs and 5 cPs aqueous droplets with κ-values of 0.2 and 0.8 respectively.

Introduction 

On chip droplet detection and sorting based on different contents 20 

is useful for microfluidic based quantitative analysis, product 

enrichment, and sample isolation during both pre- and post-

processing1–5.  One limiting factor of active droplet sorting 

techniques is the sensing and sorting mechanisms they require.  

This then complicates fabrication, use, cost, energy demands of 25 

the device, and complicates massively parallel designs1,6–8.  

Common droplet properties that may vary from drop to drop 

include size, density, interfacial tension, viscosity, stiffness, 

optical, electrical, magnetic, acoustic, or thermal properties.  Size 

based droplet sorting using hydrodynamic flow focusing has 30 

proven useful because it reliably differentiates between droplets 

based on unique size variations3–5,9,10.  However, droplet 

microfluidic chips are often used to produce and manipulate 

monodisperse droplet sizes11,12, making size based sorting 

insufficient for many applications where passive separation is 35 

desired.  The ability to passively sort droplets based on more than 

one intrinsic property is useful for chemical and biological 

applications that require enrichment of specific intrinsic material 

properties.  In this work, we explore experimental research in the 

context of viscous and viscoelastic based droplet migration in 40 

microfluidic channels for passive, on-chip droplet separation.  

 Motion of rigid particles13–15 and droplets16–19 in laminar flow 

viscous fluids has long been investigated and characterized in 

theoretical fluid mechanics studies.  Of particular interest, work 

by Chan and Leal (1979) describe that in second order fluids with 45 

a unidirectional flow, cross-stream/lateral migration of 

deformable droplets occurs toward the walls when viscosity 

ratios, κ, of the inner and outer fluid phase is between 0.5-10, and 

inversely, toward the center for all other κ-values16.  Several 

recent works further investigate particle focusing, and droplet 50 

migration in various channel geometries and flow regimes 

including viscoelastic, inertial, and Deans flow conditions20–31.  

In particular, it is understood that rectangular channels have 

several local minima and maxima shear gradient positions 

making hydrodynamic flow focusing of particles, bubbles, and 55 

droplets in square and rectangular channels more complex 

compared to circular channels30–34.  Figure 1 illustrates some of 

the various droplet migration forces that might influence the 

cross-lateral migration of a deformable droplet in square or 

rectangular channels under laminar flow conditions.  60 

 In this work we investigated the empirical behavior of 

Newtonian and Non-Newtonian water in oil droplets in straight 

and curved rectangular channels to determine effectual sorting 

parameters based on changes in droplet viscosity.  Other design 

parameters we discuss include the influence of channel geometry, 65 

droplet size, droplet starting position, and fluid flow rates on 

droplet equilibrium positions for high-throughput droplet sorting. 

We further demonstrate that an inversion in droplet migration 

direction provides a useful droplet separation scheme to yield a 

positive or negative bi-modal sorting parameter by tuning the 70 

viscoelasticity and viscosity ratio of the fluid phases in or out of 

the 0.5 < κ < 10 regime. This explicit dependence on κ to 

determine migration direction decreases sorting dependence on 

droplet size, interfacial tension, or shear rate.  Passive on-chip 

droplet sorting of aqueous droplets is achieved by relying on 75 
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Fig. 1 Illustration of viscoelastic droplet sorting based on bi-modal 

equilibrium positions.  a) Viscoelastic droplets with κ -values between 

0.5-10 (yellow) migrate toward high shear gradients at the edge, (Fv-), 

while all others (blue) migrate toward low shear gradients at the center, 5 

(Fv+). b) Droplet migration forces including drag forces, Fd, and positive 

and negative viscoelastic forces result in different migration paths. c) 

Cross-sectional view of droplet migration forces acting on a droplet in a 

rectangular microfluidic channel.  Forces include buoyancy, Fb, wall 

repulsion forces, Fwr, positive or negative viscoelastic forces, Fv+ and Fv- 10 

respectively, and in the case of high Reynolds number, inertial forces, Fi, 

which act in the same direction as Fv-.  For curved channels, recirculating 

Deans forces, FD, illustrated with dashed lines, may also occur. 

intrinsic changes of Newtonian and non-Newtonian droplet 

viscosity as illustrated in Figure 1.  This approach enables 15 

separation of both monodisperse and moderately polydisperse 

droplet size populations based on viscosity and viscoelasticity 

differences, yielding bi-modal droplet migration and sorting.   

Theory 

Based on research by Chan and Leal16,17 for second order fluids, 20 

deformable droplets propagating in a unidirectional Poiseuille or 

simple shear fluid flow will experience a transverse shear 

gradient that induces cross-stream droplet migration.  The 

direction and magnitude of the cross-stream migration, µm, in 

Poiseuille flow is described in equation 1 as a function of droplet 25 

size, a, interfacial tension, γ, and other fluid flow properties as: 

 �� � 16α ��
� 	�
 ��


� �1 � 2 �

�  (1)

 Here d is the distance between two parallel plane walls; y is the 

droplet position between the droplet center and nearest wall, µi  

and µo are the inner and outer fluid phase viscosity respectively.  

Vm is the maximum fluid velocity which occurs at y=d/2 and is 30 

approximated as Vm ≈ 3Vavg/2, where Vavg = average fluid 

velocity.  The term α depends on the inner to outer fluid phase 

viscosity ratio, κ = µi / µo, and is defined for three-dimensional 

quadratic shearing flow in equation 2 as follows: 

α � 1
�1 � ��
�2 � 3�� � 3

14 � 16 � 19�
�2 � 3�� �1 � � � 2�
�

� 10 � 11�
140 �8 � � � 3�
�� 

(2) 

Their findings described that in the presence of a second-order 35 

fluid in one or both fluid phases of an emulsion, a sign inversion 

of the term α occurs between the viscosity ratio 0.5 < κ < 10 as 

illustrated in Figure 2 a).  The sign inversion in α causes a 

transverse droplet migration in two different directions, a positive 

value migrates toward a low shear gradient and a negative value 40 

migrates toward a high shear gradient.  This work aims to test this 

theory on viscoelastic fluids for droplet sorting.  This would 

provide a useful droplet separation scheme by tuning the degree 

of non-Newtonian behavior and viscosity ratio, κ, in or out of this 

regime to yield a bi-modal, positive or negative, sorting 45 

parameter as illustrated in Figure 2 b).   

 One beneficial advantage of this expected behavior is that 

although migration rates depend heavily on droplet size, 

interfacial tension, and overall shear rate, the ultimate equilibrium 

point of the droplets will be less dependent on these parameters 50 

provided there is ample channel length to reach equilibrium 

conditions.  Another observation from equation 2 is that the rate 

of droplet migration depends on the starting droplet position 

within the channel, showing greater migration rates closer to the 

wall.  Figure 2 c) illustrates the differences in theoretical droplet 55 

migration, and total separation of two droplets, as a function of 

downstream propagation for different lateral starting positions, y.   

 Recent works have been performed to further investigate 

droplet migration characteristics outside the limits imposed by 

Chan and Leal’s simplified fluid flow conditions of second order 60 

fluids.  In particular the influence of Capillary number, Ca, 

Reynolds number, Re, droplet to wall separation, s=y/d, droplet 

diameter to plane wall spacing, ζ = a/d, the ratio of internal and 

external fluid Weissenberg numbers, δ=Wii/Wio, and channel 

geometries have all been identified as important parameters30,32,35.  65 

Their findings  illustrate that these factors can have significant 

contributions to droplet deformation, localized internal shear 

rates, and cross-lateral migration rates25,34,36–40.  Additionally, 

some works have claimed to observe cross-lateral migration 

contrary to those of Chan and Leal, but further investigation to 70 

their experimental conditions suggest that their fluids were 

strictly Newtonian, or not sufficiently viscoelastic36,37,34.  This 

would suggest that there still exists some degree of confusion 

over the nature of fluid migration of Newtonian and non-

linear/viscoelastic fluids. 75 

 As best that can be ascertained from the literature, work by 

Sullivan et al. (2008) is the only experimental work to 

demonstrate lateral migration of a deformable sphere away from 

the channel centerline while having a κ-value outside the range of  

0.5-10.  Their work investigated the influence of interfacial 80 

tension and surfactant additives on transverse bubble migration in 

viscoelastic fluids, an interesting case since air bubbles are 

compressible fluids of such low viscosity that they are limited to 

the condition of κ ≪ 1 41.  They found that migration of a bubble 

toward the channel wall only occurred in the presence of a highly  85 
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Fig. 2 Theoretical modeling of viscoelastic droplet migration  a) plot of alpha, α, as a function of viscosity ratio, k.  Note that between the range of ~0.5 < 

κ < 10, α is negative with a global minimum at κ =1.  b) Projected positive and negative droplet migration of 75 µm droplets of various viscosities.  c) 

Migration of droplets with various lateral starting positions, y. Conditions: 20 µl/min flow rate; 100 x 200 µm channel; interfacial tension 15 N/m; 

Ca=.008, Re=0.8. Red dashed lines in b) & c) indicate 37.5 µm distance where droplets contact the wall and migration nears its limit.5 

viscoelastic continuous fluid phase with a low interfacial tension 

as demonstrated through the addition of polyethylene oxide and 

Tween 20 surfactant.  For further discussion pertaining to 

theoretical background, please refer to ESI section I. 

Experimental 10 

Device fabrication 

Microfluidic devices were patterned in Polydimethylsiloxane 

(PDMS) using standard soft lithography processes42,43 and 

bonded to glass slides using air plasma treatment to seal the 

microfluidic channels.  Microfluidic master molds of SU-8 2050 15 

(MicroChem) on 3” silicon wafers were fabricated in a class 

1,000 clean-room facility and their thickness measured using a 

Dektak profilometer (Veeco).  Sylgard-184 PDMS (Dow 

Corning) was cast on top of the SU-8 molds then cured in a 60 °C 

oven for 12-24 hours.  The microfluidic devices were assembled 20 

by coring inlet and outlet holes in the PDMS layer then bonding 

them to 1 mm thick borosilicate 1”x3” or 2”x3” glass 

slides(Corning, USA) using air plasma treatment (Harrick 

Plasma, USA) at 250 mTorr for 2 min at 200 W power.  Finally, 

the entire device was placed in a 120 °C oven overnight to restore 25 

the material to its native hydrophobic condition.   

 Several different shear sorting channel geometries were tested 

during these experiments ranging from straight, curved, and 

gradually widening channels.  Channel heights were varied from 

40-135 µm and width varied from 50-500 µm as both straight and 30 

curved channels varying in length from 0.5 cm to 12 cm.  Longer 

channels with gradually increasing widths were patterned using a 

spiral configuration ranging from 60-100 µm wide inlets to 400-

500 µm wide outlets at different expansion rates and radii of 

curvature.  The primary microfluidic designs used for observing 35 

droplet migration are illustrated in ESI Figures S1 & S2.  All 

devices consisted of one or two shear-focusing droplet generators 

to form the droplet emulsions.  The outlets had 1, 3, or 5 

bifurcating channels to characterize sorting efficiencies. 

Flow rates and shear gradient profiles 40 

ESI Figure S3 illustrates flow rate and shear rate profile 

simulations in square and rectangular channels under laminar 

Poiseuille flow ranging from a height/width, h/w, aspect ratio of 

1:1 to 1:5.  To achieve both a rapid droplet migration rate and a 

large droplet separation at the outlet, channel widths started out 45 

small then gradually increased to yield rapid droplet migration at 

the beginning of the channel and larger separation from channel 

edge to center towards the end of the channel.  Such channels will 

have gradually decreasing shear rates and changes in the max and 

min shear gradient profiles causing droplets to experience 50 

continuously varying conditions as they propagate downstream.  

The average velocity through a channel was determined as 

Vavg=Qo/hw where Qo is the total flow rate and h and w are the 

channel height and width respectively.  The non-dimensional 

Capillary, Reynolds, Weissenberg, Elasticity, and Dean numbers 55 

are described in ESI equations S1-S5.  For square and rectangular 

channels, the mean hydraulic diameter, DH, is used as the 

characteristic length term in the non-dimensionalized equations 

defined as DH = 4A/P =2hw/(h+w). 

Oil phase and tuning of κ 60 

FC-40 (Sigma, USA) with dynamic viscosity, µo, of 4.1 cPs @ 25 

ºC and density, ρ, of 1.85 kg/m3 was selected as the continuous 

oil phase because of its low viscosity.  This low viscosity oil was 

desired because it would require a smaller change in a droplets 

absolute viscosity to induce a large change in the viscosity ratio, 65 

κ = µi/µo.  The value of 4.1 cPs is much closer to that of pure 

water with a dynamic viscosity of 1 cPs at 20 ºC.  The viscosity 

of the aqueous phase was tuned through the addition of two 

Newtonian viscous enhancing additives, glycerol (EMD 

Chemicals, USA) and Ficoll® 400 with Mw 400,000 (Sigma, 70 

USA); and two non-Newtonian additives, poly-ethylene oxide or 

Polyox® WSA N-10 with Mw 100,000 (Amerchol Corp., USA), 

and anhydrous trimethyl-glycine also known as TMG or betaine 

(Purebulk, Oregon USA).  Fluid viscosities of the aqueous and oil 

phase solutions were determined from measurements performed 75 

using a Physica MCR301 Rheometer using a 25mm CP 25-2/S 
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sandblasted measuring cone with a 2° angle (Anton Parr, USA) at 

shear rates ranging from 0.1 to 1,000 s-1.  Shear stress vs. shear 

rate information was characterized using the Rheoplus rheometer 

software to estimate the average fluid viscosities of the solutions.   

Interfacial tension  5 

The interfacial tension of the two fluids were modified through 

the use of a fluorosurfactant called Krytox 157 FSL (Dupont 

Chemicals, USA), and 1H,1H,2H,2H-perfluoro-1-Octanol (Sigma 

Aldrich, USA).  Krytox is a long chain perfluoropolyether 

terminated with a carboxylic acid at one end that can be added in 10 

high concentrations to reduce the interfacial tension between 

water and oil.  It also has a much higher viscosity than FC-40 and 

raises the viscosity of the oil phase with increasing 

concentrations.  During the experiments, effective droplet 

stabilization and final viscosities were achieved using 7% Krytox 15 

and 0.05% perfluoro-octanol dissolved in FC-40.  The octanol 

surfactant has a much lower viscosity and is effective at lowering 

interfacial tension but is also a hazardous material so special care 

was used when handling and concentrations were limited to 

extremely low values.  More stable and biocompatible 20 

fluorosurfactants have been developed44,45 but were not readily 

available for experimentation. 

Results and Discussion 

Fluid viscosity characteristics 

Viscosity vs. shear rate measurements were performed for a range 25 

of Newtonian additive concentrations including Mw 4x105 Ficoll, 

and glycerol, and Non-Newtonian additives including Mw 1x105 

PEO, and trimethyl glycine, whose η∞ vs. concentration profiles 

are plotted in ESI Figure S4.  Due to the low polymer/additive 

concentrations used in these experiments, the ability to 30 

characterize the viscoelastic behavior of the solutions was beyond 

the sensitivity of the rheometer.  However, prior literature 

characterizing PEO solutions with various concentrations and 

molecular weights have been performed and are referenced to 

help describe their viscoelastic properties46–48.  Work by 35 

Ebagninin et al. (2009) indicates that viscoelasticity of PEO 

solutions are highly dependent on both concentration and Mw of 

the PEO polymer, and could be well described using the Cross-

Model to estimate a relaxation rate λ49.  In their work however, 

they found that the same low molecular weight PEO solutions 40 

used in these experiments, Mw=1x105 (g mol-1), exhibited near 

complete Newtonian properties, even up to 20% concentration 

(cone and plate geometry 60 mm diameter and 0.017 rad angle).  

Their rheometer measurements were also unable to demonstrate 

any detectable level of viscoelasticity of similar PEO solutions 45 

within the shear-stress sensitivity of their experimental setup.   

 Based on their experimental results for higher Mw 4x105 PEO, 

relaxation rates λ for 1% wt./wt. concentrations did not exceed 

0.0012 s, with the lowest value of λ = 0.0005 s for a 0.25% 

concentration.  It is expected then, that a 1-2% solution of Mw 50 

1x105 PEO should have a λ-value lower than this number.  

Similar for TMG solutions, even at 33% wt./wt. concentrations, 

no viscoelasticity was observed within the shear stress sensitivity 

of the rheometer system.  Based on this weak viscoelasticity, it is 

difficult to estimate the non-dimensional Elasticity and 55 

Weissenberg numbers of the experimental conditions, but it can 

 
Fig. 3 Equilibrium positions of droplets containing various fluids.  a) 

Newtonian fluids migrate to centerline of channel for varying κ -values 

from 0.2 to 4, flow rate 20 µL/min. Inset shows channel design, see ESI 60 

Figure S2 for more detail.  b) Normal and composite overlay images of 

droplet equilibrium position as a function of polymer concentration and 

flow rate.  c) Probability distribution function of droplet equilibrium 

position seen in b) as a function of Newtonian and viscoelastic polymer 

concentration at a constant flow rate, all droplets contain 5% Ficoll.  d) 65 

Strong viscoelastic migration toward the edge is observed over a large 

range of flow rates when TMG and PEO concentrations are high and their 

viscosity ratios yield a negative α-value.  Note on cchannel dimensions: 

spiral channels with radius of curvature R ≈ 1 cm, gradually widening at a 

rate of ~50 µm/cm. 180 µm wide x 100-110 µm height at point of 70 

measurement L ≈ 1.7 cm downstream. Flow rate: 10-40 µl/min; a/d ~ 0.4-

0.5; Ca=~0.008 and Re=~0.8 at 20 µL/min flow rates. 

be assumed that they are ≪ 1.  Despite the dilute concentrations 

of PEO and TMG, noticeable changes in the experimental 

migration direction of the droplets were still observed.  75 

Newtonian fluid equilibrium position at channel centerline 

As seen in Figure 3-a), Newtonian fluids migrate toward the 

centerline of the channel, despite having κ-values that should 

produce a negative α value if the solutions were viscoelastic.  It 

was found that for droplets ranging from 30-100 µm, effective 80 

droplet sorting occurred early on in the channel and typically did 

not require channel lengths longer than 1-2 cm to reach near 

equilibrium positions.   Smaller droplets would require longer 

channel lengths, 7 cm or more, before observing their final 

equilibrium positions within the channel.  It is notable that in this 85 

Page 5 of 9 Lab on a Chip

L
ab

 o
n

 a
 C

h
ip

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t

D
ow

nl
oa

de
d 

by
 C

he
ng

du
 L

ib
ra

ry
 o

f 
C

hi
ne

se
 A

ca
de

m
y 

of
 S

ci
en

ce
 o

n 
27

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 1

8 
D

ec
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2L
C

41
16

0A

View Article Online

http://dx.doi.org/10.1039/c2lc41160a


 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

central region of the channel, droplets are traveling at a higher 

velocity and settle into well-established linear streams of droplets 

that collide infrequently with other droplets.  Despite the large 

range of κ-values, droplet sizes and flow rates, Newtonian 

droplets all behave similarly and migrate toward the channel 5 

centerline even though the migration rate may change. 

Viscoelastic fluid equilibrium vs. Shear rate 

In the experimental results, varying degrees of droplet migration 

behavior were observed depending on shear gradient profiles, 

fluid viscoelasticity, and fluid flow rate, as demonstrated in 10 

Figures 3-b), 3-c) & ESI Figures S5 and S6.  One concept that is 

uncertain from Chan and Leal’s theoretical work with second-

order fluids is how well it relates to viscoelastic fluids and how 

strong of a viscoelastic effect is required to exhibit the migration 

characteristics desired.  Similarly, equations 1 & 2 do not account 15 

for the shear rate-dependence of fluid viscosity.  Three important 

misunderstood parameters with regard to fluid viscoelasticity and 

shear gradient profile were found to effect droplet migration.  (1) 

What is the nature of the viscoelasticity and the overall range of 

shear-rate dependent viscosity?  (2) What is the localized shear 20 

gradient profile to which the droplet is exposed?  (3) What is the 

global shear rate the droplet experiences?  Unfortunately, current 

literature is sparse with regard to viscoelastic droplet migration 

relating to these conditions, with only minimal information 

available for second-order fluids or shear-thinning fluids.   25 

 As observed in Figure 3-b) & 3-c), increasing the total PEO 

concentration results in a transition in the migration of droplets 

from the center of the channel towards the edge, which follows 

the predicted behavior of an increasingly viscoelastic fluid.  With 

low PEO concentration of 0.1%, a slight off-center equilibrium 30 

position develops in the droplets.  Increasing PEO concentrations 

to 1%, a stronger viscoelasticity drives the droplets all the way to 

the edge with great reproducibility.  One interesting observation 

during experimentation is that with intermediate viscoelasticity, 

increasing the total flow rate shifts the equilibrium position away 35 

from the edges and closer to the centerline.   

 With the addition of 5% Ficoll to the 0.1% PEO concentration, 

cross-lateral migration is only slightly changed despite the higher 

κ-value, indicating the fluid is not sufficiently viscoelastic.  This 

would also indicate that the observed flow rate dependent 40 

behavior has a high level of dependence on the overall shear rates 

to which the aqueous droplet phase is exposed and the 

characteristic relaxation rates of the solutions.  As demonstrated 

in the work by Ebagninin et al. (2009), the infinite and zero 

viscosities and the characteristic relaxation times of PEO 45 

solutions were found to increase with increasing PEO 

concentration.  This indicates that low PEO concentrations may 

be sufficient to cause some viscoelastic effect and drive the 

droplets off center, but their relaxation rates are fast and weak, 

making the effect insufficient to drive them into higher shear 50 

rates near the channel wall.  Figure 3-d) shows experimental 

conditions that favor strong viscoelastic droplet migration when 

using sufficient TMG or PEO concentrations and κ-values that 

provide a negative α value.   

 Based on the results illustrated in Figures 3-b), 3-c) and ESI 55 

figure S5, it is proposed that a greater majority of the droplet is 

exposed to shear gradients above the characteristic relaxation rate 

as the overall flow and shear rate is increased.  It would follow  

 
Fig. 4 a) Equilibrium position of droplets containing increasing 60 

concentrations of TMG but with near constant κ-value of ~1.  Despite 

undetectable changes in viscosity ratio κ, the droplet position shifts from 

centerline to the edge. b) Curved, gradually widening channels with 

radius of curvature R=1.5-3.5 mm, channel height is 84 µm, width varies 

from i) 170- 260 µm ii) 170- 260 µm , and iii) 220- 300 µm from top to 65 

bottom.  Flow rate is 13 µL/min with i) 50% glycerol, ii) and iii) have 

50% glycerol & 1% PEO.  ζ = a/d droplet diameter vs. channel width. 

Continuous phase is light mineral oil.  See supplemental Video S1 and S2 

that illustrate conditions i) and ii) respectively. 

that if the localized shear rate is low, the viscosity of the droplet 70 

phase will be dominated by the viscoelasticity of the fluid, and 

the droplet will experience cross-lateral migration toward the 

wall.  If the localized shear rate is high relative to the relaxation 

rate, the viscosity of the droplet will be dominated by the 

Newtonian properties of the fluid at infinite shear viscosity.  This 75 

would then cause the droplet to experience cross-lateral migration 

toward the channel centerline as if mostly Newtonian, but still 

remain slightly off center.  In microfluidic channels with flow 

rates as low as 10 µL/min, global shear rates may range from near 

zero at the centerline, to �!  > 1x104 at the edge, assuming a no slip 80 

boundary condition.  Depending on the droplet position and its 

size relative to the channel width, the overall shear gradient to 

which the droplet is exposed will vary.  This would explain why 

droplets would not only migrate to the wall or the channel, but 

may also exhibit equilibrium positions between those two points, 85 

See ESI section II for more discussion.   

Viscoelastic migration outside of the predicted κ -value 

TMG was selected as a low viscosity viscoelastic additive.  

Experimental results shown in Figure 4-a) illustrate that, contrary 

to what was expected for the range of κ-values predicted by Chan 90 

and Leal, the addition of more TMG to the droplet phase resulted 

in migration toward the channel edge despite having measured κ -

values of 0.2.  This characteristic behavior seems to correspond 

with that of Sullivan et al. (2008) where bubbles with high 

viscoelasticity and low interfacial tension experienced transverse 95 

migration toward the channel wall despite having an expected κ-

value ≪ 1. A noteworthy fact is that higher concentrations of 

TMG also reduce the interfacial tension between the fluids 

thereby reducing the Laplace pressure inside the droplet and 

increasing droplet deformability as evident from equation 1.  100 

These results suggest that the model presented by Chan and Leal 

described in equations 1 & 2 does not adequately describe droplet 

migration properties for all fluid conditions.   

Droplet size and channel curvature dependent migration 

As described in the theoretical section and shown in equation 1, a 105 

larger droplet diameter will experience greater droplet migration 

rates.  As a result, the overall droplet position vs. channel length  
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Fig. 5 a) Summary of viscoelastic droplet sorting after 17 mm 

downstream propagation for different fluid viscosities and viscoelastic 

conditions.  Channel dimension: 180 um wide x 100 um height; flow rate 

= 20-30 µl/min; ζ=0.4-0.5; Ca=0.008 and Re=0.8. b) Efficient separation 5 

of viscoelastic droplets with two different κ -values.  Light colored circles 

contain 4% TMG, and dark circle droplets contain 4% TMG w/ 50% 

glycerol.  Equilibrium position is established early on, before 17 mm, and 

continues until separation at the outlet positioned 70 mm downstream.  Q 

= 20 µL/min, R=1 cm, h=84 µm, c) Sorting of viscoelastic droplets in 10 

curved channels with different κ-values corresponding to a 1 cPs & 5 cPs 

droplet viscosity. i) viscoelastic droplets with κ=0.2 exit center channel, 

ii) viscoelastic droplet with κ=1 exit top and bottom channel, iii) 

separation of viscoelastic droplets with κ=0.2, and κ=1 into separate 

outlet channels.  Channel width gradually increases from 60 µm to 250 15 

µm along a 2 cm long channel then quickly expands to 500 µm at the 

three-way outlet.  Conditions: R=1 cm, Q=30 µL/min, h=107 µm.  

Droplet generation rates were varied from 30-250 drops/sec in 15:1 to 

1:15 droplet ratios and enrichment factors obtained varied from 5 to >100. 

is dependent on droplet size.  Similarly, a large droplet size 20 

relative to a given channel dimensions will have a more 

significant contribution to the localized flow profile resulting in 

local variations in shear gradients, see ESI section II for more 

discussion.  For this reason, droplet sizes were kept to no larger 

than the smallest channel dimension during experimentation to 25 

reduce spurious effects resulting from excessive droplet feedback, 

in most cases 100 µm, but also kept larger than 30 µm to yield 

faster migration rates.  Droplet migration in curved channels with 

varying radius of curvature, cross-sectional diameter, and 

droplet/channel width ratio, ζ, is shown in Figure 4-b) and ESI 30 

video S1 and S2; channel dimensions are further illustrated in ESI 

figure S2-d).  These results demonstrate that predictable droplet 

migration is achieved in rectangular channels with heights of 84-

110 µm, droplet sizes of 30-100 µm, channel w/h aspect ratios of 

0.5-5, droplet diameter to channel width aspect ratios of ζ  = 35 

0.17-0.66, channel curvature from straight to 1.5 mm curvature, 

and flow rates ranging from 10-40 µl/min.   

Favorable operating parameters for droplet sorting 

An effective range of droplet sorting parameters has been 

determined as summarized in Figure 5-a) showing Viscoelastic 40 

and Newtonian droplet equilibrium positions for different κ-

values ranging from 0.2-20.  Similar to the theory predicted in 

equations 1 & 2, droplet migration tends toward the edge when 

moderately viscoelastic and 0.5 < κ < 10, otherwise migration 

tends toward the centerline for most other conditions.  However, 45 

from the results shown in Figure 5-a), there are exceptions to this 

behavior and they should not be overlooked.  Future work might 

include exploration into whether traditional pinched flow based 

hydrodynamic sorting could be applied to droplet viscosity 

polydispersity much like it has been to droplet size 50 

polydispersity4,9.  This would enable the enrichment of droplets 

with a broad range of viscosities that do not follow a bi-modal 

distribution. 

Droplet Enrichment 

 Effective droplet enrichment was achieved with a droplet 55 

population consisting of 4% TMG (bright droplet), and 4% TMG 

w/ 50% glycerol (dark droplet) sorted at the outlet as shown in 

Figure 5-b) & 5-c). These formulations behave similar to Ficoll 

and PEO as shown in figure 5-a).  Videos illustrating droplet 

generation, injection into the sorting channel, and equilibrium 60 

positions near the outlet are shown in ESI videos S3 and S4.  

Sorting rates of  >200 drops/sec were achieved based on 75 µm 

droplets with average droplet generation rates of 250 drops/s for 

positive migration droplets and 185 drops/s for negative 

migration droplets.   Sorting enrichment factors >100 were 65 

achieved using 20-40 µL/min oil flow rates in a 0.5 cm long 

straight channel as shown in ESI Figure S2-c).  Droplet 

enrichment factors were calculated for 1,000 drops generated at a 

ratio of ~4:3 positive/negative migration droplets that were 

measured to exit the channels at a ratio of ~1/166 in the positive 70 

migration outlet and ~180/1  in the negative migration outlets, 

resulting in enrichment factors of ~125 and ~240  respectively.  

See ESI videos S5 and S6 for examples of droplet sorting at the 

outlet.  Although the sorting design allows for droplets migrating 

towards the center to pass around droplets against the edge, 75 

droplet-droplet interactions among viscoelastic droplets at the 

edge resulted in poorer sorting efficiencies.  Future efforts to 

optimize sorting rates and reduce droplet-droplet interactions 

would help to improve these sorting efficiencies.   

 Other future work might include enrichment of specific droplet 80 

viscosities into multiple outlets using pinched flow like 

hydrodynamic sorting based on varying alpha values resulting in 

similarly varying droplet migration rates.  This could prove useful 

for, e.g., separating cells that secrete viscosity changing proteins 

or molecules at different rates or concentrations.  Actively tuned 85 

droplet sorting parameters might also be implemented such as the 

use of optically induced crosslinking or temperature regulation, 

which could influence viscosity, interfacial tension, or droplet 

deformability.  Photo-activated crosslinking agents might be 

useful to induce viscosity changes within droplets of interest at 90 

various stages of fluid handling.  Similarly, by controlling the 

temperature at which sorting is performed; viscosity ratios could 

be further varied to achieve even more sensitive discrimination 

factors between two viscous droplet populations. 

Conclusions 95 

 These experimental results demonstrate a moderate size-

independent droplet sorting behavior that can separate 

monodisperse droplets of the same viscosity ratio but different 
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viscoelasticity, or two similarly viscoelastic droplets but with 

different viscosity ratios. This is demonstrated for κ values 

ranging from 0.2 to 5, with effective sorting capable at viscosity 

discriminations as low as 3 cPs if using low viscosity oils such as 

fluorocarbon-based fluids.  Effective droplet migration toward the 5 

channel edge was achieved by controlling the rectangular channel 

geometry, flow profile, viscoelasticity, and w/o fluid viscosity 

ratios.  Droplets could be distinguished with greater than 100 fold 

enrichment factors and discrimination in viscosity changes could 

be detected from 1 to 4 cPs corresponding to a change in κ from 10 

0.2-0.8.  Droplet flow rate and inter-droplet spacing is important 

for improved droplet sorting efficiency, especially in the case of 

high concentrations of droplets that migrate toward the channels 

edge.  Reducing interfacial tension, as seen with TMG, tends to 

increase droplet deformability and results in droplet migration 15 

even at κ-values as low as 0.2.  Additives that change the 

viscosity of the fluid can be useful to tune the sorting efficiency 

of the aqueous droplets.   

 The passive and intrinsic nature of this sorting scheme should 

prove useful for enrichment or detection of chemical, biological, 20 

or biochemical samples in which a degradation, polymerization, 

or protein binding reaction occurs, resulting in a heterogeneous 

change in droplet viscosities.  It also provides a look into 

viscoelastic behavior and instability problems that may be 

associated with other droplet microfluidic platforms that will 25 

expand to utilize a greater variety of biological samples.   

 Future research efforts to implement this sorting technique 

with biologically relevant assays could include alginate cross-

linking or degradation50, PCR amplification51–53, protein cross-

linking54, blood clotting55, and others7. Similarly, other effects 30 

that might influence sorting behavior, such as temperature 

control, would be interesting phenomena to explore.  Information 

gathered from this work could be further expanded to implement 

sorting of a polydisperse droplet viscosity population, or 

combined with other sorting techniques for greater sorting 35 

abilities.  These techniques may also prove useful for other 

applications such as to determine the viscoelastic nature of 

weakly viscoelastic fluids since it appears to be sensitive to 

additives that yield virtually undetectable viscoelastic properties 

using commonly available commercial instruments.  40 
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